INTRODUCTION
The increasing and aging human immunodeficiency virus (HIV)-infected population is at substantially elevated risk for cardiovascular disease (CVD), which includes coronary artery disease (CAD), myocardial infarction (MI), cardiac arrhythmias, and sudden death. [1] [2] [3] [4] [5] [6] [7] [8] Despite this risk, there are no HIV-specific CAD risk stratification schemes in routine clinical use. The degree to which existing risk prediction tools are valid among HIV-infected persons is unclear because the few studies evaluating them in HIV-infected populations have involved relatively few individuals, used inadequate assessment of endpoints, or used relatively homogenous cohorts. [9] [10] [11] [12] The ability of practitioners to understand CAD and MI risks for their HIV-infected patients is further hampered by a dearth of studies evaluating the yield of clinically indicated non-invasive CAD testing in this patient group. Several studies have demonstrated that HIV-infected persons have greater carotid intima-media thickness (C-IMT) and are more likely to have noncalcified coronary plaque and inflammatory arterial plaque when compared with uninfected controls. [13] [14] [15] [16] [17] [18] Of note, these studies were performed for research purposes and not for clinical indications. Although a potential advantage of this approach is generalizability for CVD screening of asymptomatic patients, these results may not be as applicable to patients undergoing clinically indicated CVD prompted by symptoms or other high-risk features.
Non-invasive functional testing, or cardiovascular stress testing, is commonly used to risk stratify patients with symptoms suggestive of CAD and/or persons at higher CAD risk levels, but has rarely been studied in the setting of HIV. The only report, to our knowledge, that evaluated stress testing in the setting of HIV infection found that stress echocardiography can effectively stratify CAD risk in the setting of HIV infection; this study lacked coronary angiography data and an uninfected control group, the latter of which made comparisons by HIV serostatus impossible. 19 In light of their elevated burdens of inflammatory plaque and myocardial infarction even after adjustment for CVD risk factors, HIVinfected persons may conceivably have a particularly high likelihood of ''true positive'' stress tests-in other words, abnormal stress tests that reflect actual coronary stenosis/ischemia as confirmed by further testing. In order to evaluate the potential yield of stress testing in the setting of HIV infection, we used a novel electronic health record (EHR)-based cohort to compare CAD burden and need for percutaneous coronary intervention (PCI) among HIV-infected persons versus matched HIVuninfected controls who had abnormal stress tests who underwent subsequent coronary angiography. We anticipated that HIV-infected persons referred for stress testing would have greater likelihoods of obstructive CAD necessitating PCI, given the known HIV-associated elevated risks for MI and soft, potentially unstable coronary plaque. Thus, the central hypothesis of this study was that HIV-infected persons with abnormal stress tests would have more CAD on coronary angiography and a greater likelihood of undergoing PCI when compared with uninfected matched controls.
METHODS

Study population: HIV electronic comprehensive cohort of complications of CVD
We created an EHR-based cohort of HIV-infected persons and uninfected matched controls who underwent CVD testing in the course of routine clinical care at our institution between 2000 and 2015 using the Northwestern Medicine Enterprise Data Warehouse (NMEDW). The NMEDW serves as the primary vehicle for data integration and transfer for both research and clinical operations at Northwestern Medicine (NM), storing over 80 billion observations on approximately 4.5 million patients. We selected HIV-infected patients for inclusion in our cohort, the HIV Electronic Comprehensive Cohort of Complications of CVD (HIVE-4CVD), if they had undergone cardiac magnetic resonance imaging (cMR), cardiac computed tomography (CT), cardiac catheterization, cardiac stress testing, or echocardiography during the course of routine clinical care at Northwestern Medicine since 2000. In order to optimize power for sub-analyses, we frequency-matched HIVinfected patients with uninfected controls on age, sex, race, and CVD test modality in the ratio of 1:2. We captured relevant clinical covariates and followed patients included in the EHR prospectively for MI, heart failure, stroke, and death. Figure 1 displays the selection process of this study's participants from the HIVE-4CVD cohort. In order to evaluate CAD burden as evident on angiography following abnormal stress testing, we first excluded patients in HIVE-4CVD who did not undergo cardiovascular stress testing and subsequent coronary angiography on the same date or a later date. We then excluded patients who underwent stress testing other than echocardiography or nuclear stress testing because this represented a small (\10%) and heterogeneous portion of the sample with limited clinical applicability. This left 265 HIV-infected patients and 426 uninfected controls who underwent echocardiographic or nuclear perfusion stress testing and subsequent coronary angiography at NM. We then excluded patients who underwent coronary angiography following normal stress tests because normal stress tests should reclassify CAD risk downward and generally not prompt coronary angiography; thus, we were concerned that this group would not be representative of standard clinical care. Finally, we excluded patients with stress test results designated as equivocal, given the potential heterogeneity and subjectivity associated with equivocal stress testing. This left 189 HIV-infected patients and 319 controls with abnormal stress tests who subsequently underwent coronary angiography, representing 79.1% of the 239 HIV-infected patients with abnormal stress tests and 92.2% of the 346 uninfected controls with abnormal stress tests.
Study sample
Exposure variables
We evaluated the following exposure variables: age, race, sex, cardiovascular risk factors (hypertension, diabetes, total cholesterol, high-density lipoprotein cholesterol (HDL-c), triglycerides, antihypertensive use, and statin use), previous PCI or coronary artery bypass grafting (CABG), and type of stress test performed. We assessed hypertension using international classification of diseases codes (ICD-9-CM 401-405; ICD-10-CM I10-I15) rather than blood pressure rDeadings, given the variability in settings of blood pressure measurement in our cohort, which captures both inpatient and outpatient encounters. Diabetes was determined based on the presence of any of the following: ICD-9-CM codes 249-250, ICD-10-CM codes E08-E11 and E13, any measured hemoglobin A1c [6.4%, or use of any antidiabetic medication. Values for total cholesterol, HDL-c, and triglycerides were based on the earliest measurements taken for each participant prior to undergoing stress testing. We used these lipid measurements although we were unable to differentiate between fasting and non-fasting lipid panels, given the substantial recent evidence suggesting little meaningful difference between fasting and non-fasting lipid panels. 20 Of note, we did not have reliable data related to smoking status and pre-test clinical presentation (e.g., acute coronary syndromes, stable angina, or other) for our analyses; thus, these were not included as covariates.
Stress testing
Stress testing included echocardiographic stress imaging (with dobutamine or exercise as the stressor) or nuclear perfusion imaging (with vasodilator or exercise as the stressor). Stress test reports were individually reviewed and designated as normal, abnormal, or equivocal based on standardized, software-generated reporting language used at NM for each stress test modality (Table 1 ). This categorical approach to determining normality (or lack thereof) of stress tests is widely accepted clinically and has been used commonly in studies evaluating characteristics of cardiovascular stress tests. [21] [22] [23] For patients with multiple stress tests and/or coronary angiograms, we designated the first angiogram with a preceding stress test as the index angiogram and then designated the most recent stress test prior to the index angiogram as the index stress test. We chose the chronologically earliest tests because the purpose of this study was to evaluate stress tests for CAD screening, ideally among persons for whom CAD burden was not yet known at the time of stress testing. Furthermore, this approach minimized angiographic referral bias, which has been shown to negatively affect the test characteristics of stress testing in several studies. 24, 25 Coronary angiography reporting language used at NM. We then reviewed these reports blinded to HIV serostatus in order to determine the maximal percent stenosis of each coronary artery [left main, left anterior descending (LAD), left circumflex (LCx), or right coronary artery (RCA)] and whether or not a percutaneous coronary intervention (PCI, including balloon or stent) was performed.
Statistical analyses
We first compared demographics, cardiovascular risk factors (hypertension, diabetes, total cholesterol, high-density lipoprotein cholesterol (HDL-c), triglycerides, and statin use), previous PCI or coronary artery bypass grafting (CABG), and type of stress test performed for HIV-infected patients and uninfected controls using t tests for continuous variables (or the non-parametric equivalent where appropriate) and Chi square tests for categorical variables. We then used nonconditional logistic regression to determine odds ratios for each of our two co-primary endpoints for HIV-infected versus uninfected persons:
1 C70% stenosis of at least one coronary artery on angiography, and 2 whether PCI was performed. We also evaluated secondary endpoints (C50% stenosis of at least one coronary artery on angiography; C50% stenosis of the left main artery or of C3 arteries) in a similar fashion. Three models were used for logistic regression analyses evaluating associations between HIV serostatus and these endpoints using the following models: an initial unadjusted model; a second model adjusted for age, sex, and race; and a third model adjusted for age, sex, race, hypertension, diabetes, total cholesterol, HDL cholesterol, statin use, previous PCI or coronary artery bypass grafting, and stress modality (echocardiography or nuclear perfusion). For exploratory analyses, we then repeated analyses of the two co-primary endpoints (C70% stenosis of at least one coronary artery on angiography and whether PCI was performed) and one secondary endpoint (C50% stenosis of at least one coronary artery on angiography) separately for patients who underwent stress echocardiography and those who underwent nuclear perfusion stress tests. Specific to the HIVinfected cohort, we also performed multivariable logistic regressions to determine associations of HIV-specific covariates [nadir CD4? T lymphocyte cell count/mm 3 (CD4 count) and log of peak HIV RNA] and lipid parameters [peak total cholesterol, peak triglycerides, and nadir high-density lipoprotein (HDL) cholesterol] with the primary and secondary endpoints; patients with missing covariates were excluded from these analyses, as were uninfected controls. A P \ 0.05 was considered statistically significant. All analyses were performed using STATA statistical software version 14 (StataCorp, 2015: College Station, TX). For primary and secondary analyses, our sample size of 508 provided a power of 0.92 to detect an odds ratio of 1.5 at an alpha of 0.05, assuming at least 100 persons with the outcome of interest.
RESULTS
Demographics and test characteristics
HIV-infected patients (N = 189, median time between stress test and angiography = 9 days) who underwent stress testing and subsequent coronary angiography had similar overall demographics as uninfected controls (N = 319, median time between stress test and angiography = 10 days) ( Table 2) . HIV-infected patients in our cohort had lower HDL-c and higher triglycerides, which was unsurprising given the well-described lipid abnormalities (particularly low HDL-c and high triglycerides) among HIV-infected persons on ART (Table 2) . 26 There were no significant differences between HIV-infected and uninfected persons in prevalence of hypertension, diabetes, statin use, antihypertensive use, stress test modality performed, or history of PCI or CABG ( Table 2) .
Likelihood of coronary artery disease and percutaneous coronary intervention following abnormal stress testing: HIV1 versus uninfected patients
There was a non-significant trend toward higher frequency of moderate or severe CAD (C50% or C70% stenosis, respectively, of at least one coronary artery on angiography) and triple vessel or left main coronary artery disease (C50% stenosis of the left main artery or of C3 coronary arteries) for HIV-infected patients when compared with uninfected controls (Table 3) . HIVinfected patients were significantly more likely than uninfected controls to undergo PCI following abnormal stress tests in unadjusted models (OR 1.75, 95% CI 1.12-2.72, P = 0.01), age/sex/race-adjusted models (OR 1.86, 95% CI 1.19-2.93, P = 0.007), and models adjusted for age, sex, race, hypertension, diabetes, total cholesterol, HDL cholesterol, antihypertensive use, statin use, previous PCI or CABG, and stress test modality (OR 1.85, 95% CI 1.12-3.04, P = 0.02).
Exploratory analyses
When we stratified by stress imaging modality, similar associations persisted, although the statistical significance was attenuated for patients who underwent stress echocardiography (total N = 127; Table 4 ). Among persons with abnormal nuclear stress test results (total N = 381; Table 5 ), HIV-infected patients were significantly more likely than uninfected controls to undergo PCI in fully adjusted models (OR 1.86, 95% CI 1.03-3.36, P = 0.04). All associations between HIV serostatus and CAD severity remained statistically nonsignificant. For exploratory analyses evaluating associations of HIV-specific and lipid parameters with the co-primary endpoints among the HIV-infected cohort, several patterns were apparent (Supplementary Table 1 ). Lower nadir HDL cholesterol was associated with a significantly greater likelihood of severe CAD (P = 0.01) and a near significantly greater likelihood of undergoing PCI (P = 0.08); total cholesterol and triglycerides were not significantly associated with severe CAD or PCI. Regarding HIV-specific parameters, lower nadir CD4 count was associated with a significantly greater likelihood of PCI (P = 0.04) and a borderline significantly greater likelihood of severe CAD (P = 0.06). However, peak HIV RNA level (which was log-transformed for analytic purposes) was not associated with a significantly greater likelihood of PCI (P = 0.32) or CAD (P = 0.46). 
DISCUSSION
In this study, we used a novel EHR-based cohort of HIV-infected persons and uninfected controls who underwent cardiac stress testing and subsequent coronary angiography to evaluate differences in severity of CAD and likelihood of PCI. This is the first study to our knowledge comparing CAD severity and likelihood of PCI following stress testing among HIV-infected persons and matched uninfected persons. An additional strength of the study was our ability to evaluate coronary angiography results for each patient who had an abnormal stress test.
Our primary findings were as follows: (1) while there was a trend toward more CAD in HIV-infected patients, we did not find a statistically significant greater CAD burden in HIV-infected patients than uninfected controls in this study; and (2) despite the lack of apparent substantial differences by HIV serostatus in CAD following abnormal stress testing, HIV-infected persons were nearly twice as likely as uninfected controls to undergo PCI. The lack of a statistically significant association between HIV serostatus and CAD burden in this study may simply reflect inadequate power, although the weak effect estimates for moderate CAD (OR 1.14, 95% CI 0.73-1.80) and severe CAD (OR 1.02, 95% CI 0.65-1.80) by HIV status were more likely responsible for this lack of a statistically significant association. We had sufficient power to detect a 50% greater (or lesser) likelihood of CAD after abnormal stress testing for HIV-infected versus uninfected persons, but were underpowered to detect \30% betweengroup differences in the presence of CAD. Taken together, these findings are consistent with prior research showing a greater burden of atherosclerosis and MI among HIV-infected persons. 4, 6, 7, [13] [14] [15] [16] [17] [18] Although none of these previous studies evaluated cardiac stress testing among HIV-infected persons, a logical corollary is that if HIV-infected persons are more likely to have atherosclerosis/CAD than uninfected persons, their pretest probabilities of CAD prior to stress testing would be elevated. As a result, their post-test probabilities of CAD following abnormal stress testing (suggestive of ischemia due to significant CAD) would also be greater.
It is possible that differences between HIV-infected and uninfected persons in CAD burden are minimized in analyses such as this that only include persons who underwent clinically indicated stress testing. A recent analysis of the Multicenter AIDS Cohort Study (MACS) demonstrated significantly greater amounts of subclinical coronary plaque, especially soft plaque, among asymptomatic HIV-infected men compared with a control group of asymptomatic uninfected men. 17 Conversely, our cohort for this study represents a higher-risk group with a relatively high burden of risk factors that underwent relatively advanced screening for CAD; one could reasonably argue that as more of these traditional CAD risk factors accumulate with advancing age, HIV-related contributions to CAD may become relatively less influential on CAD progression. However, recent findings from the Veterans Aging Cohort Study (VACS) that MI risks are greater for HIV-infected persons across CAD risk factor strata counter this theory. 6 It is interesting and somewhat surprising that while HIV-infected persons did not have evidence of substantially greater CAD burden than uninfected controls after abnormal stress tests, they were nearly twice as likely to undergo PCI. Previous studies evaluating PCI among HIV-infected persons suggest that, while HIV-infected persons with acute coronary syndromes may be somewhat more likely to require PCI, 27 PCI is on the whole performed with similar frequency and safety as in the general population. [28] [29] [30] The observational nature of our study precludes us from fully ascertaining reasons for this discrepancy, although several explanations are possible. A central question is whether factors other than diameter of coronary stenosis seen on angiography (e.g., 70% stenosis) that affect decisions to proceed with PCI might systematically differ for HIV-infected persons and uninfected controls. One potential factor is the functional, or flow-limiting, nature of such coronary lesions; while one 70% stenosis may cause ischemia due to impaired pressure and flow distal to the lesion, another 70% stenosis may not cause ischemia. This may be particularly meaningful given the prognostic significance of ischemic burden. 31 Although we were able to distinguish between abnormal/ischemic and normal/nonischemic stress tests in this study, we were unable to evaluate the extent of ischemic burden in this analysis. Coronary collateral and microvascular flow can decrease the likelihood of a given stenosis to cause ischemia by providing supplemental blood and oxygen delivery to the area distal to the stenosis. In theory, if these supplemental sources of perfusion were impaired in the setting of HIV-a plausible explanation in light of known HIV-associated vascular endothelial dysfunction 16, 32, 33 -then HIV-infected persons might be more likely to experience ischemia distal to a given stenosis when compared with uninfected persons. If this were the case and HIV-infected persons had greater ischemic burdens than uninfected persons with comparable levels of coronary stenosis, interventional cardiologists might be more likely to perform PCI in the presence of a given diameter of coronary stenosis for HIV-infected persons. No studies to our knowledge have yet examined coronary microvascular function among HIV-infected persons; therefore, this theoretical explanation certainly requires further validation. Future studies using quantitative methods, such as fractional flow reserve or coronary flow reserve, respectively, to evaluate coronary ischemia and microvascular disease in the setting of HIV would be of great interest.
It is also possible that HIV-infected persons were more likely to have other unmeasured factors, such as worse anginal symptoms, that may have influenced decisions to perform PCI; however, a previous study evaluating clinical characteristics of acute coronary syndromes in the setting of HIV found that HIVinfected persons with acute coronary syndromes tend to present with fewer symptoms than uninfected persons. 34 An alternative potential explanation relates to selection bias and delayed stress testing. If providers have a higher threshold to order stress tests for HIV-infected patients due to concerns regarding competing co-morbidities and increasing polypharmacy, they may tend to refer patients more likely to truly require PCI. This could, in turn, increase PCI rates for HIV-infected patients relative to uninfected controls.
Interestingly, we found a notable difference in the proportions of HIV-infected and uninfected persons with abnormal stress tests who subsequently underwent coronary angiography (189/239 (79%) versus 319/346 (92%), respectively, P \ 0.01). This finding may have impacted our results in either direction. On the one hand, this could suggest that providers selectively referred only the highest risk HIV-infected patients for angiography after abnormal stress tests, thus potentially making the pool of HIV-infected patients who actually underwent angiography particularly likely to have true CAD/ischemia. On the other hand, it is possible that providers were less likely to refer HIV-infected patients with abnormal stress tests for angiography due to concerns regarding co-morbidities and adverse effects, which could have removed some of the sickest HIVinfected patients from the pool of those with abnormal stress tests who underwent angiography. While the former possibility would likely have biased our findings away from the null, the latter possibility would have likely biased our findings toward the null.
In our exploratory analyses of HIV-specific parameters, we found that lower nadir CD4? T cell countbut not peak HIV RNA-was associated with a significantly greater likelihood of PCI and a borderline significantly greater likelihood of severe CAD following abnormal stress testing. It is somewhat surprising that only CD4? T cell count was associated with greater likelihood of PCI and severe CAD in light of large prospective cohort data finding significant independent associations of both CD4? T cell count and HIV RNA with incident MI. 4 Nevertheless, our findings provide further support for the theory that chronic immune dysfunction-as proxy-measured in this study by lower nadir CD4? T cell count-is a dominant prognostic factor for non-communicable disease (including CVD) morbidity and mortality in the setting of HIV. Over the past decade, data from large cohort studies and randomized trials of ART strategies have clearly demonstrated that HIV-infected persons whose CD4? T cell counts remain [500 cells/mm 3 experience substantially less morbidity and mortality-at levels potentially on par with the general population-than persons with CD4? T cell counts \500 cells/mm 3 .
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Nadir CD4? T cell count is a useful proxy-indicator of immune dysfunction, as persons with CD4? T cell counts \200 cells/mm 3 are unlikely to fully reconstitute and achieve CD4? T cell counts [500 cells/mm 3 .
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Chronic immune dysfunction and senescence-marked by loss of CD4? T cells-leads to persistent systemic and vascular inflammation, 16, 32, 39, 40 which may decrease neovascularization in ischemic myocardial territories and make the myocardium particularly vulnerable to ischemia and infarction in the setting of HIV. [41] [42] [43] Thus, HIV-infected persons with lower v T cell counts may be particularly likely to experience ischemia (and related angina) in the setting of obstructive CAD, which could thus make them particularly likely to undergo clinically indicated, symptom-driven PCI. Further research is needed to better characterize myocardial ischemia and related outcomes across strata of CD4? T cell counts for HIV-infected persons.
This study should be interpreted in the context of its limitations. This study was retrospective and had a relatively small study population. As with any observational study of retrospectively collected data, selection bias can limit the overall validity of findings. If there were systematic differences in referral patterns for, or physician interpretation of, cardiac stress testing for HIV-infected versus uninfected persons in this cohort, this would potentially affect the yield of the stress tests as well as the likelihood of patients to ultimately undergo PCI. This is certainly possible, although we did not find any striking differences between HIV-infected patients and uninfected controls with regard to demographics, CAD risk factors, or known previous PCI or CABG. Furthermore, we sought to minimize such potential differences and optimize similarities between comparison groups by limiting our analyses exclusively to persons with abnormal stress tests who then underwent coronary angiography.
Another potential limitation was our inability to objectively assess coronary lesions with quantitative coronary angiography (QCA) or fractional flow reserve (FFR); instead, coronary lesion severity was assessed visually by clinicians who were not blinded to HIV serostatus. Since maximum diameter stenosis derives from visual assessment of angiography and the decision for PCI also derives from this visual assessment instead of more thorough assessment of hemodynamic significance of the lesion (for instance, by FFR), it is possible that operators were more likely to consider PCI in HIVinfected patients than non-infected patients. It is also possible that the operators were more likely to overestimate the stenoses in these patients. Therefore, an ideal future analysis would include a blinded QCA of the angiograms.
Our ability to measure relevant covariates was somewhat limited. We did not have information on smoking status and thus were unable to calculate cardiovascular risk scores. Additionally, we were unable to assess medication adherence, which theoretically may have affected presenting symptoms and decisions for PCI and thus could have affected the results if systematically different between HIV-infected and uninfected patients. Another limitation of this study is its combination of patients who underwent two different stress test modalities (echocardiography and nuclear imaging) into unified groups. This fact might have impacted our findings if, for instance, a far greater proportion of HIVinfected persons referred for stress testing underwent nuclear stress testing rather than echocardiography and if the yield of nuclear stress testing differed dramatically from that of echocardiographic stress testing. However, the proportions of HIV-infected and uninfected persons in this study who underwent each type of stress testing were similar, thus minimizing this concern.
In conclusion, we found that HIV-infected patients with abnormal cardiac stress testing who underwent subsequent coronary angiography were significantly more likely than uninfected controls to receive PCI. Whether this is due to HIV-related factors driving myocardial ischemia or simply reflects differential provider referral patterns for cardiac stress testing by HIV serostatus remains unknown. Interestingly, while there was a trend toward more CAD in HIV-infected patients with abnormal stress tests who underwent coronary angiography, we did not find a statistically significant greater CAD burden in HIV-infected patients than uninfected controls in this study. Future studies should evaluate coronary microvascular function and collateral circulation by HIV serostatus in order to better understand potential mechanisms that could increase the ischemic burden associated with coronary lesions for HIV-infected persons. Furthermore, the role of noninvasive cardiovascular risk stratification for HIV-infected persons requires further study in future wellpowered prospective analyses. These analyses should be multicenter in order to account for differential referral biases and should be designed to ascertain differential test characteristics (e.g., sensitivity and specificity) of cardiovascular stress tests by HIV serostatus.
NEW KNOWLEDGE GAINED
Following abnormal cardiovascular stress testing, HIV-infected patients may be more likely than to have significant coronary artery disease on angiography and are significantly more likely to undergo percutaneous coronary intervention. This may reflect an elevated burden of ''true'' ischemia for HIV-infected persons undergoing stress testing when compared with uninfected persons undergoing stress testing who have similar clinical characteristics and CVD risk factors. Further study is needed to confirm these findings, evaluate differences in coronary ischemia on quantitative coronary angiography by HIV serostatus, and refine cardiovascular risk assessment tools for HIV-infected persons.
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